Background. Outbreaks of an unidentified food-borne illness associated with the consumption of raw fish have increased in Japan since 2003. Those affected with this illness develop diarrhea and emesis within 2-20 hours after a meal including raw fish. No known causative agents such as bacteria, viruses, bacterial toxins, or toxic chemicals have been detected in the foods that were ingested. Fortunately, this illness is self-limiting with good prognosis in all cases.
Methods. We conducted an epidemiological analysis of outbreaks that occurred during 2008 and 2010 and analysed a fish sample from one outbreak by metagenomic DNA sequencing, real-time polymerase chain reaction, and direct microscopic observations. The pathogenicity of a putative risk factor identified by these techniques was assessed using the suckling-mouse test and a house musk shrew emetic assay.
Results. The epidemiological analysis of outbreaks in 24 municipalities involving .1300 subjects implicated an olive flounder (Paralichthys olivaceus) as the causative food source. The presence of Kudoa septempunctata, a recently-described myxosporean species in P. olivaceus, was prevalent in the causative foods. K. septempunctata induced watery stools and an elevated fluid accumulation ratio in suckling mice, as well as vomiting in house musk shrews.
Conclusions. These results identify K. septempunctata as the etiological agent of this novel food-borne illness outbreak associated with consumption of raw P. olivaceus. This is the first report, to our knowledge, demonstrating the human pathogenicity of Kudoa spores.
Fish consumption has increased worldwide because it is a healthy source of nutrients that is rich in proteins, minerals, and essential fatty acids. The Food and Agriculture Organization of the United Nations reported that fisheries produced 20 million tons in 1950 and as much as 144 million tons in 2006 [1] . Cooking methods have significantly diversified with this increased fish consumption. The custom of eating raw fish was originally limited to Japan. However, Japanese food items, such as sushi (cooked rice with sliced raw fish) and sashimi (sliced raw fish) are now consumed worldwide. This has resulted in an increase in food-borne illness caused by the ingestion of raw fish [2, 3] . In Japan, outbreaks of an unidentified food-borne illness associated with raw fish consumption have increased since 2003, with an average of .100 outbreaks each year, reaching 158 in 2010. Of importance is that the known agents of food-borne illnesses have never been identified in any of these outbreaks, despite intensive efforts. Approximately 2-20 hours after ingesting raw fish, symptoms of this illness will appear, which includes transient but strong diarrhea and emesis that resolves itself over time, as patients generally recover within 24 hours after the onset of symptoms. No food-borne bacteria, viruses, bacterial toxins, or chemicals have been detected in the foods that were ingested by patients. Raw Paralichthys olivaceus (olive flounder) was frequently ingested by the victims and was linked to 135 of the 158 cases reported in 2010. The goal of this study was to determine the etiological agent by analyzing P. olivaceus remnants from patients' meals and examining the epidemiological information available since 2008. These analyses supplied information that enabled the successful identification of the causative agent.
METHODS

Data Collection
More than 200 seafood poisoning cases of unknown etiology were reported to the Ministry of Health, Labour, and Welfare of Japan from 2008 to 2010. The number of cases in which the patients ingested raw P. olivaceus was judged sufficiently large for statistical analysis or high attack rate ($75%). IBM SPSS (Statistical Package for the Social Sciences) Statistics 19 software was used for this purpose. A logistic regression analysis was used to calculate the crude odds ratio (OR). Total DNA or RNA was prepared from a P. olivaceus frozen fillet (30 mg) using RecoverAll Total Nucleic Acid isolation kit (Ambien). Double-stranded complementary DNA (cDNA) was prepared from 1 lg of total RNA using the random priming method with SuperScript Choice System for cDNA synthesis (Invitrogen). The cDNA was purified using a QIAquick PCR Purification Kit (Qiagen).
Short-Read DNA Sequencing Using the Illumina Genome Analyser II An 100-bp average-length DNA library was prepared from 2 lg of total DNA and 0.5 lg of cDNA, using a Genomic DNA Sample Prep Kit (Illumina). DNA clusters were generated on a slide using a Single Read Cluster Generation Kit (version 2) on an Illumina Cluster Station (Illumina) automated flow cell processor, according to the manufacturer's instructions. All sequencing runs for 80 mer were performed with the Genome Analyser (GA) II system using the Illumina Sequencing Kit (version 3). The short read archives were deposited in the DNA Data Bank of Japan (accession Nos. DRA000302 for control and food-poisoning P. olivaceus). DNA sequence reads were analyzed using a MEGABLAST search and an expected value 5 5 for filtering out P. olivaceus-derived sequences ( Figure 1A ). The resultant extracted sequence reads were analyzed by MEGABLAST against the nonredundant nucleotides database (http://www.ncbi.nlm.nih.gov/BLAST/blastcgihelp. shtml), followed by taxonomic classification using MEGAN v3.9.0 software with the following parameters: minimum support, 5; minimum score, 35.0.
Detection of Kudoa Spores in P. olivaceus Muscles A 1-g portion of P. olivaceus muscle tissue was sieved through a 200-lm nylon sheet after adding 4 mL of phosphate-buffered saline (PBS) (TaKaRa Bio). The resulting extract was passed Figure 1 . Potential pathogen detection by metagenomic sequencing. A, Schematic of the analysis pipeline used to identify potential pathogens associated with Paralichthys olivaceus food-borne illness. B, Taxonomic classification of the total sequencing reads of a P. olivaceus food-borne illness sample (outbreak 6). Eukaryote sequence reads were further classified at the family level, and abundant reads of Kudoidae were specifically identified (total, 2.56%).
through a 100-lm cell strainer (BD) to remove the debris and centrifuged at 1500 g for 15 minutes at 4°C. The pellet potentially containing Kudoa spores was suspended in 1 mL of PBS, and any spores that were present were counted using a hemocytometer. Spores were also isolated from suspension using Percoll density gradient centrifugation, as described elsewhere [4] .
The presence of K. septempunctata's 18S ribosomal DNA (rDNA) (accession No. AB553293) in patients' vomit samples was determined by quantitative real-time polymerase chain reaction (PCR) using TaqMan 2 3 PCR Master Mix (Life Technologies). The primers and probe used were Kudoa-F (5#-CATGGGATTAGCCCGGTTTA-3#), Kudoa-R (5#-ACTCTCCCCAAAGCCGAAA-3#), and Kudoa-P (5#-FAM-TCCAGGTTGGGCCCTCAGTGAAAA-TAMRA-3#). After preheating the PCR solution at 95°C for 10 minutes, 45 cycles were performed using steps of 95°C for 15 seconds and 60°C for 60 seconds.
Suckling-Mouse Test
P. olivaceus remnants (outbreaks 21-23 in Table 1 ) were subjected to the suckling-mouse test to test for enterotoxins. In addition, a P. olivaceus sample from the same lot as outbreak 24 and a sample obtained from a P. olivaceus farm were tested. These samples were stored at 4°C until spore isolation. Each 4-5-day-old ddY mouse (purchased from Keari Co or bred in a housing facility of the Osaka Prefectural Institute of Public Health) was inoculated intragastrically with 0.1 mL of a spore suspension, and incubated at 25°C for 1.5 or 4 hours. Bowel movements were recorded during the incubation period. The fluid accumulation (FA) ratio, expressed as the ratio of the gut weight to the remaining carcass weight, was determined for each mouse, and the mean and standard error were calculated for each test group. Spore suspensions were diluted 10-and 100-fold with PBS and heated at 95°C for 10 minutes before inoculation to evaluate dose response and thermostability. Results were analysed using the Student t test.
Emetic Assay
The house musk shrew (Suncus murinus: SUR-Heris) is a suitable experimental animal to test for the response to various emetic drugs [5] [6] [7] . Therefore, we used healthy adults (11-16-months old, 70 g, male) (Clea Japan), keeping them at 22°C-25°C for 12 hours before administering samples. P. olivaceus sample from the same lot as outbreak 24 and a sample obtained from a P. olivaceus farm were tested. The shrews were given a P. olivaceus slice with or without Kudoa spores to determine the dose response, and then were given purified spores to determine their toxicity. Animal experimental protocols were in accordance with the regulations for animal experiments at National Institute of Health Sciences.
RESULTS
Epidemiological Investigation
When outbreaks of food-borne illness occurred, the municipalities involved collected information from people who became ill from eating possibly contaminated food. The details of cases that were judged significantly large for statistical analysis or high attack rate ($75%) are listed ( 
Nucleotide Sequence Analysis
The data from the epidemiological investigation suggested that P. olivaceus was the potential food source that caused the outbreaks. Direct sequencing of a mixture of purified DNA and double-stranded cDNA from total RNA extracted from 1 sample from outbreak 6 was performed using the Illumina Genome Analyser II. A comprehensive analysis pipeline was constructed for identifying the potential pathogen ( Figure 1A ). Taxonomic classification of sequences indicated possible bacteria (783 reads, 0.005%), viruses (797 reads, 0.005%), or eukaryota (476 439 reads, 3.32%). There were no hits for 2 354 951 reads (16.4%) ( Figure 1B) .
The most abundant bacteria detected were gammaproteobacteria, but the sequencing of other clinical specimens suggested that members of this class are commonly detected (data not shown) and could have been present as a result of contamination. No potential enterovirus was identified in our study (data not shown). In contrast, possible eukaryota sequences were significantly represented, and more in-depth classification showed that genes of a myxosporean of the family Kudoidae was the most abundant (367 848 reads, 2.56%). PCR [8] amplification of Kudoa sequences occurred with Kudoa-specific 18S rDNA but did not occur with a control sample (data not shown). A perfect match was obtained between 1.1-kilobase PCR product sequences and that of the K. septempunctata 18S rRNA gene [9] . Identification of K. septempunctata relied primarily on specific morphology, such as its 6 shell valves, which was consistent with the PCR data.
Detection of Kudoa Spores in P. olivaceus
We determined the number of Kudoa spores in P. olivaceus specimens by direct microscopic observation from each of the These spores were present in the majority of food-borne outbreak samples (median, 2.4 3 10 6 spores/g). In contrast, we did not detect spores in the reference samples (detection limit, 5 3 10 4 spores/g) (Figure 2 ). Because the intake volume of spores for all the people affected is unknown, the human infectious dose remains to be determined. Animal experiments revealed that .10 6 Kudoa spores/mouse are required to induce illness. Kudoa spores were uniformly detected throughout P. olivaceus muscle tissue (data not shown) and had 6 valves [9] . Kudoa spp. sequences were also detected by quantitative realtime PCR in 3 of 4 vomit samples from patients (outbreak 22).
Diarrheagenic Activity
Diarrhea was one of the symptoms commonly experienced by infected humans (Table 1) ; therefore, the diarrheagenic activity of K. septempunctata spores was assayed using a conventional suckling-mouse test [10] . The intragastric inoculation of Kudoa spores ( Figure 3 ) induced strong fluid accumulation in the gut of the mice within 1.5 hours ( Table 2 ). The FA ratios induced by 10 6 Kudoa spores from outbreaks 23 and 24 were significantly higher than that of a negative control. Kudoa spores purified by Percoll gradients also significantly increased the FA ratio. The ratios were dose dependent, and heat treatment did not increase the FA ratio. Suckling mice that were inoculated with Kudoa spores produced strong watery stools within 4 hours ( Table 2 ; Figure 4 left panel).
Emetic Activity
The epidemiological data indicated that vomiting was one characteristic symptom of this illness (Table 1) ; therefore, the emetic activity of Kudoa spores was studied using house musk shrews. Direct feeding of P. olivaceus slices known to contain Kudoa spores (3.2-5. also induced vomiting in 2/2 animals. These results demonstrated that freshly purified K. septempunctata spores induced emetic activity in the house musk shrews.
DISCUSSION
The Illumina Genome Analyzer II enabled us to detect Kudoa DNA in remnants of P. olivaceus that came from fish ingested by patients. The Kudoa sequences detected in this study were identical to those of K. septempunctata [9] , a parasite that was recently isolated from P. olivaceus muscle and identified as a new species of the genus Kudoa. It may be likely that K. septempunctata is the etiological agent, because it possesses 7 or 6 valves [9] , and the majority of spores isolated from P. olivaceus remnants had 6 valves.
To support this conclusion, the pathogenic potential of K. septempunctata was determined using animal models. K. septempunctata spores caused intestinal fluid accumulation and diarrhea after intragastric inoculation in the sucklingmouse model, and P. olivaceus that contained K. septempunctata spores evoked strong vomiting in house musk shrews. In each assay, watery stools and vomiting in animals occurred within a very short latent period. These symptoms are consistent with those of human patients. Therefore, these findings strongly implicate K. septempunctata as a causative agent of this foodborne illness.
Our epidemiological analysis revealed some incidents with a relatively low OR for P. olivaceus. Our unpublished data showed that flounders (1 year old) in the same pool varied in the number of infected K. septempunctata (or Kudoa) spores from ,5.0 3 10 4 (detection limit) to 9.6 3 10 6 /g. Therefore, noninfected and infected P. olivaceus may be mixed when many fish are served to a group of people. This might result in low ORs for P. olivaceus in some incidents. However, K. septempunctata was detected in most of the P. olivaceus meals that were ingested by patients. Kudoa DNA was also detected in vomit samples recovered from some patients. These results strongly implicate P. olivaceus as the food source responsible for these outbreaks. This is the first report, to our knowledge, of a frequently occurring food-borne illness encountered in Japan that is induced by Kudoa spp. The custom of eating raw fish such as sushi, sashimi, and carpaccio has spread throughout the world. Therefore, it is possible that food-borne illness caused by K. septempunctata will occur in countries other than Japan. K. septempunctata has already been detected in P. olivaceus imported from Korea [9] as a result of the international trade of aquacultured fish. Therefore, we believe that it is reasonable to assume that this disease may easily spread globally if juvenile fish are infected with K. septempunctata. Risk assessment and management of fish containing K. septempunctata is necessary to minimize risks associated with the consumption of raw flounder. Table 1 . 
Notes
